INTRODUCTION
European chestnut (Castanea sativa Mill.) is a tree species, widely present throughout all the Mediterranean peninsulas. The Quaternary cold periods, which reduced the woodland diversity in Europe to restricted number of shelter zones (refugia), located in the south of the Continent (ORDONEZ and SVENNING, 2017) , significantly influenced the current structure and distribution of chestnut populations. Aside from the natural post-glacial expansion from these refugia, the cultivation of C. sativa, especially during medieval times , may have also impacted the distribution of this species. The main chestnut refugia, identified using an extended palynological approach by KREBS et al. (2004) , are located in the Transcaucasian region, as well as on the Apennine and the Iberian peninsulas. The same study also reported a high likelihood of Castanea refugia on the Balkan Peninsula. Molecular data obtained from the microsatellite study of 31 C. sativa populations, positioned throughout southern Europe and Turkey, largely confirmed the previously hypothesized shelter zones (MATTIONI et al., 2013) . The aforementioned molecular study also reported that the chestnut populations from western Turkey and southern Balkans (Greece) clustered tightly together, while the Italian and Iberian Peninsula populations formed a single, distinct cluster. The observed differentiation between the western and the eastern chestnut populations ruled out, both the natural and the human-mediated transfer of germplasm from Greek areas to the Italian Peninsula. However, both the palynological and the molecular study cited here did not include samples from western Balkans, an area which geographically links Italy to the rest of the Balkan Peninsula.
The largest concentration of C. sativa, in the western part of the Balkan Peninsula, is located on the border of Slovenia and Croatia, around the river Sava (Figure 1 ). More sporadic and somewhat isolated populations are also present in several parts of Bosnia and Herzegovina (B&H). In both of these regions, chestnut is highly valued as a source of timber and fruit, but also as an important source of nectar and pollen for the production of honey (IDŽOJTIĆ et al., 2009) . During the 1970s several promising C. sativa types, selected from the natural populations in western Balkans, were grafted and utilized in nursery production. Still, the area currently occupied by chestnut orchard in western Balkans is negligible in comparison to the range of existing natural populations. In terms of the overall production, the countries located in the western Balkan Peninsula fall far behind Spain, Portugal, Italy and Turkey, the world leading producers of European chestnut. Nonetheless, due to the geographic location of the Balkans, on a crossroad between east and west, C. sativa populations found here could potentially represent an interesting source of chestnut genetic diversity.
The traditional approach to examining chestnut population, based on morphologic observation, has largely been supplemented or substituted with the use of molecular markers. In recent years, microsatellite markers have been the most frequently used tool for assessing the diversity of chestnut populations. Microsatellites or SSRs (simple sequence repeats) have previously proved valuable for estimating the genetic diversity and structure of C. sativa populations in Spain, Italy, Switzerland, Greece, Bulgaria and Turkey (MARTÍN et al., 2010; BECCARO et al., 2012; MARTÍN et al., 2012; MATTIONI et al., 2013; LUSINI et al., 2014) . The same markers have also been used for the genetic characterization of grafted chestnut accessions from Portugal, Spain and Italy (PEREIRA-LORENZO et al., 2010; MARINONI et al., 2013) . Microsatellites chosen for studies on chestnut are dominantly selected from two sets of markers, developed in Castanea sativa by MARINONI et al. (2003) and BUCK et al. (2003) . However, until now, only a few of these SSRs have been applied in large-scale studies on chestnut populations.
In this study we used a set of 21 microsatellite markers, in order to: 1) assess the genetic diversity and structure of European chestnut populations in western Balkans, 2) investigate the relationship between a northern Italian and western Balkans C. sativa populations, with the purpose of shedding additional light on the expansion process of European chestnut after the last glaciation period.
MATERIALS AND METHODS

SSR analyses
Total of 171 Castanea sativa individuals from five chestnut populations (Table 1) were used for the molecular analyses. Four of the five examined populations are spread throughout the western Balkans, while the fifth, used as a reference population, is located in northern Italy. Plant material (leaves) for the DNA extraction was collected from randomly selected plants on each analyzed site. Each sampled tree, within each site, was at least 20 m apart from all other sampled trees. Leaves were harvested during spring and summer and pulverized using mortar and pestle. DNA was isolated from approximately 50 mg of leaf powder according to DOYLE and DOYLE (1987) CTAB protocol. Twenty one SSR markers, described in MARINONI et al. (2003) (CsCAT set) and BUCK et al. (2003) (EMC set), were chosen based on their polymorphism reported in previous studies. All PCR reactions were conducted in total volume of 15 µl, containing 2 mM of MgCl2, 1 x PCR buffer, 0.2 mM of dNTPs, 0.05 U/µl of TrueStart Taq polymerase (Thermo Scientific) and 10-50 ng of template DNA. CsCAT set of primer pairs was amplified according to protocol in Marinoni et al. (2003) , with minor modifications. Thermal conditions for amplification of EMC loci were as described in Buck et al. (2003) . All PCR reactions were carried out in GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA). Aliquots of amplified DNA (1 µl), mixed with formamide and GeneScan-350 ROX Size Standard (Applied Biosystems) were run on an ABI Prism 310 automated sequencer (Applied Biosystems). SSR profiles were scored using the GeneMapper Software ID v3.2 (Applied Biosystems). In case of any uncertainty regarding the scoring process, PCR amplification was repeated using only one primer pair per reaction.
Data analyses
Number of alleles per locus (Na), effective number of alleles per locus (Ne), observed (Ho) and expected (He) heterozygosity, unbiased expected (UHe) heterozygosity and inbreeding coefficient (Fis) were calculated using the program GenAlEx 6.5 (PEAKALL and SMOUSE, 2012) , while the allelic richness (Rs) was assessed using FSTAT (GOUDET, 2002 ). Fisher's exact test by means of the Markov Chain algorithm (GUO and THOMPSON, 1992 ) was used to estimate deviations from the Hardy-Weinberg equilibrium.
Presence of null alleles, long allele's dropout or scoring errors due to stuttering in the SSRs profile were tested using Micro-checker 2.2.3 (VAN OOSTERHOUT et al., 2004) . Correction of allele frequencies across loci due to null allele presence was done with ML-NullFreq (KALINOWSKI and TAPER, 2006) . The procedure includes maximum likelihood estimation of the frequency of null alleles at microsatellite loci.
Population differentiation across loci (Gst) and pairwise Gst were calculated according to Nei (1987) using GenAlEx 6.5 (PEAKALL and SMOUSE, 2012) and Dispan (OTA, 1993) software. Mantel test (MANTEL, 1967) with 5,000 permutations, implemented within PAST ver. 2.17.c. (HAMMER et al., 2001) , was used in order to estimate compatibility of pairwise Gst matrix before and after allele frequencies correction due to null allele presence.
A multivariate analysis, FCA (Factorial Correspondence Analysis) based on allele frequencies, was performed using Genetix 4.02 (BELKHIR et al., 2001) .
In order to assign individual genotypes to a specific population, the Bayesian modelbased cluster procedure within Structure version 2.2.3 ( PRITCHARD et al., 2000) was used. We computed K (unknown) clusters of individuals testing K (log-likelihood) = 1-10 for all accessions, assuming that sampled trees were of unknown origin. Assignment of individuals to a cluster was provided by a probability of membership qI chosen at 75%, as proposed by MATTIONI et al. (2013) . Tests were done based on an admixture model where the allelic frequencies were correlated and a burn-in period of 200,000 and 500,000 iterations for data collection was applied. In order to estimate the most probable K value for the analyzed data we used the method described by EVANNO et al. (2005) , implemented through Structure Harvester ver. 0.6. application (EARL and VON HOLDT, 2011) . A hierarchical AMOVA (EXOFFIER et al., 1992) was carried out, implemented with Arlequin ver. 3.5.1.2 (EXCOFFIER and LISCHER, 2010), based on different partitioning of variance. The analyses of molecular variance included all individuals with the probability of membership to a cluster (K=3) above 75%.
RESULTS
SSR polymorphism
Twenty one microsatellite loci, analyzed in this study, greatly varied in regards to allele diversity ( Table 2 ). The highest total number of alleles per locus was detected for CsCAT3 (13), while the lowest number of different alleles was registered for EMCs11 (2). Overall number of alleles, obtained using 21 primer pairs on 171 individual chestnut trees, was 125. Allele frequencies for all analyzed loci, per population, are given in Online Resource 1. Mean gene diversity, calculated over all loci, was moderately high (0.605) and ranged from 0.081 for EMCs14 to 0.814 for EMCs38. The overall value of fixation index (Fis), which represents the measure of heterozygote deficit, was positive (0.277), whereas only two loci displayed negative values for this measure (EMCs14 and CsCAT17). The set of microsatellites isolated by MARINONI et al. (2003) (CsCAT), yielded on average 8 alleles per locus, while the set isolated by BUCK et al. (2003) (EMCs) was considerably less polymorphic (on average 4.7 alleles per locus). Similar situation was observed for gene diversity, which was lower for EMCs loci (0.556) than for the CsCAT loci (0.685). However, all eight CsCAT markers, analyzed in this study, represent dinucleotide microsatellites, while seven of the twelve examined EMCs SSRs contain a trinucleotide repeat motif (EMCs 17 contained a compound microsatellite of a trinucleotide and a tetranucleotide repeat). In order to conduct a fair assessment of CsCAT and EMCs microsatellites, trinucleotide microsatellites, which mutate at a lower rate than dinucleotide (CHAKRABORTY et al., 1997) , were excluded from the comparison. When only EMCs loci with dinucleotide repeats were examined, the value for the average number of alleles per locus was somewhat higher (6.2 alleles per locus), as was the gene diversity (0.651).
Only five of the 21 SSR loci, analyzed in this study, did not deviate from HardyWeinberg equilibrium (HWE) in any of the examined populations. Micro-checker analyses identified the presence of null alleles in each of the loci deviating from HWE, but did not detect allele dropout or scoring errors. The effect of the presence of null alleles, detected among most of the analyzed loci, was taken into the consideration for the estimates of genetic differentiation and population structure.
Population diversity and differentiation
Genetic diversity parameters calculated for each of the five analyzed chestnut populations are presented in the Table 3 . The highest number of alleles per locus was found in the Sava valley population (SC) (4.76), which is located on the boarder of Slovenia and Croatia, while the lowest number was detected in the Bratunac population (CB) (3.86), located in the eastern part of Bosnia and Herzegovina. In regards to the effective number of alleles per locus and the allelic richness, populations from Croatia-Slovenia and Italy (SC and IT) displayed higher values than the three populations from Bosnia and Herzegovina. The only exception was the northwestern B&H population of Pećigrad (CP), which is in fact geographically much closer to the Sava valley population than to the other two sampled sites in Bosnia and Herzegovina ( Figure  1 ). In regards to the observed and expected heterozygosity, as well as the unbiased expected heterozygosity, of all three B&H populations, only Pećigrad registered similarly high values for these parameters as the ones calculated for the chestnut from Croatia-Slovenia and Italy. The two non-B&H populations also displayed lower levels of heterozygosity deficiency (low Fis values). Comparable values for the fixation index were obtained analyzing just the five loci not deviating from the Hardy-Weinberg equilibrium. The decrease in heterozygosity noted among the southern (CK) and eastern (CB) chestnut populations in Bosnia and Herzegovina indicates that these populations are genetically more isolated than the northwestern one (CP). Eleven of the 21 SSR loci, examined here, have previously been mapped by BARRENECHE et al. (2004) and CASASOLI et al. (2006) on the same chestnut linkage group as at least one other microsatellite loci included in this study. Therefore, the data obtained from six of these eleven loci (EMCs2, EMCs11, EMCs22, EMCs32, CsCAT14 and CsCAT15) was removed for the estimates of genetic differentiation between the chestnut populations. Selecting which one of the linked microsatellites should be discarded was based on their polymorphism. Consequently those markers with the highest number of alleles detected in our study remained for further analyses.
Pairwise Gst, calculated over 15 remaining SSR loci, provided insight into the genetic differentiation among each pair of the five analyzed chestnut populations (Table 4) . The strongest differentiation, based on this parameter, was detected among the southern and eastern populations from Bosnia and Herzegovina, Konjic and Bratunac, while a much weaker differentiation was registered among the populations from Croatia-Slovenia and Italy. However, the lowest Gst value was observed between the Italian population and the northwestern B&H population (Pećigrad). The previously conducted Micro-checker analyses identified null alleles among twelve of the 15 selected SSR loci. The presence of null alleles can lead to overestimation of genetic differentiation among groups and populations, especially in cases of low levels of gene flow (CHAPUIS and ESTOUP, 2007) . Therefore a correction was applied for their presence using MLNullFreq (KALINOWSKI and TAPER, 2006) . The corrected allele frequencies were subsequently used for calculating pairwise Gst. By comparing the pairwise Gst values, calculated on the original and the corrected SSR data, the largest overestimation caused by null alleles was identified among two populations from Bosnia and Herzegovina, Konjic and Bratunac (Table 4) . These two populations also displayed the strongest genetic differentiation among all five analyzed in this study. On the other hand, the genetic differentiation among populations from CroatiaSlovenia, Italy and northwestern B&H (Pećigrad), which was comparably low, was even slightly underestimated by the presence of null alleles, indicating an intense gene flow between these sites. Despite the mentioned discrepancies in differentiation estimates, a Mantel test showed a very strong correlation (r=0.9875, P0.01) between pairwise Gst matrices before and after allele frequencies correction due to null allele presence. The overall genetic differentiation (total Gst), among all five of the analyzed populations, based on the uncorrected SSR data (12.39%) was higher than the differentiation calculated over allele frequencies corrected for the presence of null alleles (10.29%). Thus, the obtained results confirm the exaggerating effect of null alleles on the overall genetic differentiation.
Population structure
SSR data, obtained after correcting for the presence of null alleles with ML-NullFreq (KALINOWSKI and TAPER, 2006), was comprised of allele frequencies. The available, corrected allele frequencies are suitable for conducting the estimates of genetic differentiation, since the bias caused by null alleles has been excluded. However, statistical methods, such as Bayesian structure analyses and factorial correspondence analyses, which are commonly used in studies on chestnut germplasm (PEREIRA-LORENZO et al., 2010; BECCARO et al., 2012; MARTÍN et al., 2012; MATTIONI et al., 2013) , require genotype data and not allele frequencies as input. Therefore, in order to further investigate the structure of the analyzed chestnut populations, while excluding any possible bias, only the genotype data obtained from the following five SSR loci was used: EMCs2, EMCs15, EMCs17, EMCs 22 and EMCs42. These five SSR loci were not affected by null alleles, they do not deviate from the Hardy-Weinberg equilibrium, and they have not previously been mapped on the same linkage group.
With the aim of gaining insight into the genetic relationships between the five analyzed chestnut populations, a factorial correspondence analyses (FCA) was performed on the data from the five selected SSR loci (Figure 2) . The chestnut populations from Croatia-Slovenia and Italy generally overlapped with each other, and also with the northwestern B&H population Pećigrad. In contrast, a clear separation could be noted between the southern (Konjic) and eastern (Bratunac) B&H populations. This is entirely in accordance with the results of pairwise Gst analysis, calculated over 15 SSR loci, which detected the strongest genetic differentiation between Konjic and Bratunac (Gst=12.05%), and the weakest among the samples from Sava valley (Croatia-Slovenia), north Italy and Pećigrad (Gst=5.09% and 3.27% respectively). The FCA also demonstrated that most of the samples from Konjic differentiated clearly from all other populations analyzed in this study. Bayesian analysis, done within Structure, was also based on five SSR loci not deviating from HWE and included five populations with a total of 171 chestnut samples. Subsequent ΔΚ analyses (EVANNO et al., 2005) revealed maximum values on K=3. The southern and eastern B&H populations, Konjic and Bratunac, dominantly grouped into two distinct clusters, while the samples from the Italian population grouped inside a third cluster (Figure 3 ). Both Konjic and Bratunac populations have displayed equal genetic differentiation from the Italian population (Gst=6.84% and 6.85%, respectively) in the previous pairwise Gst analyses. The northwestern B&H chestnut population, Pećigrad and the population from Croatia-Slovenia adhered mainly to the third, but also to a lesser extent to the second cluster, showing a higher degree of admixture. Results obtained from the Bayesian analysis confirmed the presence of strong gene flow among populations from Croatia-Slovenia, Italy and northwestern B&H (Pećigrad), previously indicated by low pairwise Gst values. Konjic was clearly identified as the most differentiated population, while the introgression of the Bratunac gene pool was noted in the Sava valley and Pećigrad population. The strong differentiation among Structure clusters was also confirmed by AMOVA (fCT=0.223; P<0.01) ( Table 5 ). The analyses of molecular variance included all individuals with the probability of membership to a cluster (K=3) above 75%. DISCUSSION This is the first known large scale study on chestnut which includes analyses of more than ten different genomic microsatellites. The average number of alleles per locus (5.95), obtained in our study, is lower than the values reported by BECCARO et al. (2012) (7.4) and MARTÍN et al. (2012) (13.14) , who also examined wild chestnut populations. The mentioned studies also published higher mean gene diversity (0.676 and 0.804), than the value reported here (0.605). However, considering that both BECCARO et al. (2012) and MARTÍN et al. (2012) analyzed a smaller number of highly polymorphic SSR loci (nine and six microsatellites, respectively), this is not unexpected.
The main criteria for the selection of microsatellites in previous chestnut studies has been the polymorphism of the loci, but also the amount of coverage of chestnut linkage groups (PEREIRA-LORENZO et al., 2010; BECCARO et al., 2012; MARTÍN et al., 2012; MELLANO et al., 2012; MATTIONI et al., 2013) . Although, all key studies cited here have successfully selected and analyzed microsatellites that are highly polymorphic, physically unlinked and covering most of the chestnut chromosomes, there is a drawback to using a low number of SSR loci in diversity studies. Namely, PEREIRA-LORENZO et al. (2010) who analyzed 787 chestnut accessions using 10 microsatellites, corresponding to 11 loci, had to remove three loci and one population due to their deviation from HWE, caused by the presence of null alleles. MATTIONI et al. (2013) who analyzed 779 wild chestnut trees, sampled from 31 European sites, using six SSRs, had to discard EMCS25 microsatellite due to high frequencies of null alleles. Even though a correction can be applied for the presence of null alleles, as demonstrated in our study, the number of available statistical approaches requiring as an input corrected allele frequencies and not genotype data is severely restricted. Therefore, the results of SSR polymorphism presented here (Table 2) can serve as a valuable information for future molecular studies on chestnut, which seek additional markers to replace ones with high null allele frequency.
Molecular data, obtained in our study, revealed much about the genetic structure of the analyzed populations. Considering the clear differentiation of southern and eastern B&H chestnut populations (Konjic and Bratunac) from the Italian population, determined by pairwise Gst, FCA and Bayesian Structure analyses, it is highly probable that these populations originated from independent shelter zones (refugia), after the last glaciation period. Although fossil pollen data indicates a high likelihood of Castanea refugia in the Balkan Peninsula , the latest major molecular study on chestnut, conducted by MATTIONI et al. (2013) , proposes that chestnut populations found in the southern end of the Balkans (Greece) originated from a western Turkey refugium.
Introgression of fruit germplasm, from Turkey to western Balkan, has previously been reported by BURAK et al. (2014) and AKÇAY et al. (2014) , who analyzed the SSR data obtained from traditional Turkish apple and pear cultivars respectively, together with the microsatellite profiles published by GASI et al. (2010) and GASI et al. (2013) , on traditional apple and pear genotypes from Bosnia and Herzegovina.
However, since MATTIONI et al. (2013) study did not include samples from large parts of the Balkans, further investigation are needed in order to determine the possible existence and location of chestnut shelter zones in this part of Europe.
Strong genetic differentiation registered between southern and eastern B&H chestnut populations (Konjic and Bratunac) can be explained by genetic adaptations to notably different climatic conditions present in the south (Mediterranean climate) and east (Continental climate) of Bosnia and Herzegovina. Genetic adaptation to climatic condition has previously been reported by PEREIRA-LORENZO et al. (2010) as the probable cause for the differentiation between chestnut accessions from northern and central Iberian Peninsula. However, the fact that the strongest genetic differentiation among all analyzed populations was detected between Konjic and Bratunac could also indicate that current populations in western Balkans have originated from different shelter zones, with distinct climatic conditions. In fact a similar situation was reported by MATTIONI et al. (2013) on two chestnut gene pools in Turkey, which originated from different glacial refugia and remained separated after the glacial period, due to the large climatic differences between eastern and western Turkey. LUSINI et al. (2014) likewise reported the presence of a genetically divergent and homogenous chestnut population in Bulgaria (Slavyanka population), presumably a result of an ancient recolonization from a distinct refugium, followed by a subsequent genetic isolation.
Unlike the chestnut samples from the southern and eastern Bosnia and Herzegovina, individuals from Pećigrad (northwest B&H) and Sava valley (Slovenia-Croatia) populations belonged to two different clusters (gene pools), defined by Bayesian structure analyses. Based on our results we propose a presence of an introgression zone in the northwestern Balkans, established through gene flow from the Italian and the Balkan Peninsula. Conclusion of MATTIONI et al. (2013) that the contributing factor for the existence of the same chestnut gene pool in Italian and Iberian Peninsulas is due to human mediated transport of the plant material, can also be applied here. Geographical proximity of the Italian, Slovenian-Croatian and northwestern B&H chestnut populations (Figure 1 ), analyzed in this study, further supports the likelihood of an introgression zone. We believe that the results of our study contribute to the overall knowledge about the expansion process of C. sativa during the postglacial period. Analyses of population structure revealed the presence of a highly differentiated chestnut population in southern Bosnia and Herzegovina, and two admixed populations in northwestern Balkans. Obtained molecular data will help form the bases for the overall assessment of this genetic resource. The results of this study will significantly contribute towards establishing a regional conservation and utilization strategy, in regards to European chestnut in western the Balkans.
